Observational studies of thyroid function and dementia have reported conflicting results. We reviewed cohort and case-control studies from MEDLINE, EMBASE, Web of Science and the Cochrane Library that focused on the association between serum thyroxine, thyrotropin and dementia. A total of 24,952 participants from three case-control and eight cohort studies were included. The relationships between dementia and the per standard deviation (SD) increment of free thyroxine (FT4) (random relative ratio (RR) = 1.08, 95% confidence interval (CI) 1.00-1.17) and thyroid-stimulating hormone (TSH) (fixed RR = 0.91, 95% CI 0.84-0.99) were well established. TSH levels in the low category were associated with an increased risk of dementia (fixed RR = 1.60, 95% CI 1.27-2.00). However, the positive association was confined to TSH levels below the normal range (fixed RR = 1.77, 95% CI 1.31-2.39), not those in the lower tertile of the normal range (fixed RR = 1.39, 95% CI 0.98-1.97). Additionally, dementia was not significantly associated with high TSH levels (fixed RR = 0.99, 95% CI 0.76-1.29). Furthermore, there was no positive association between dementia and the low or high categories of TSH in men. Thus, individuals with higher FT4 levels or those with TSH levels below the normal range have an increased risk of dementia.
Dementia is a clinical syndrome characterized by a cluster of symptoms and signs that results in complex cognitive decline; it has emerged as one of the greatest health threats during old age and has substantial socioeconomic costs. Alzheimer's disease (AD), which is the most common type of dementia, constitutes 50-70% of cases 1 and is one of the top 8 major health problems in the world 2 . Despite recent advances in research, major scientific gaps remain in the understanding of the intrinsic mechanism of dementia. In the absence of medications that effectively cure or slow the progression of these diseases, especially AD 3, 4 , considerable challenges associated with early intervention remain. The development of preventive measures for dementia requires a greater understanding of the risk factors for this disease. Accordingly, we may prevent the elderly from further cognitive decline.
Thyroid hormone (TH) regulates metabolic processes that are essential for normal growth and development as well as neurocognitive function after development 5 . Thyroid-stimulating hormone (TSH) targets the thyroid gland and triggers the release of thyroxine (T4) and triiodothyronine (T3) when stimulated by the hypothalamic secretion of thyrotropin-releasing hormone (TRH) 6 . The relationship between thyroid-related hormones and dementia is controversial, especially regarding TSH (whether outside or within the normal range) [7] [8] [9] [10] . According to laboratory tests, thyroid dysfunction can be classified as overt, with both abnormal TSH and free T4 (FT4) levels, or as subclinical, with abnormal TSH but normal FT4 levels. Some studies have demonstrated a relationship between overt thyroid disease and cognitive disturbances 11, 12 . However, the influence of subclinical thyroid disease on cognition remains unclear. Since Wahlin et al. 13 first reported an association between poor cognition and low serum TSH levels within the normal range, more researchers have become interested in the impact of thyroid hormone levels (within the normal range) on cognition 7, 14 . Moreover, the role of FT4 levels in the development or progression of dementia remains controversial. Certain large prospective studies have observed that higher FT4 levels are related to dementia
Results
Eligible studies and characteristics. The search strategy identified 1791 citations for evaluation. A manual review of the study references yielded one additional study. After carefully scanning the titles and abstracts, 39 articles that were potentially eligible for inclusion were retrieved. After reading the full texts, 28 articles were excluded for the following reasons: nine studies were not cohort or case-control studies [18] [19] [20] [21] [22] [23] [24] [25] [26] ; 13 lacked usable data 13, 14, 17, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] ; four had different study purposes [37] [38] [39] [40] ; one did not perform FT4 and TSH measurements 41 ; and one was a replicate study with a shorter follow-up 42 than that by de Jong et al. 10 ( Fig. 1) . Eleven studies published from 2003 to 2016 that evaluated a total of 24,952 participants, including 1526 patients with dementia, were finally included. The detailed information is provided in Table 1 . Among the included studies, three [43] [44] [45] were case-control studies, and eight [7] [8] [9] [10] 15, 16, 46, 47 were cohort studies. Specifically, the work by Tan et al. 9 was analyzed by gender and was treated as two individual studies. Additionally, two studies 15, 16 included only men. Most studies controlled for some conventional risk factors, including age (n = 11), gender (n = 11) and thyroid medication (n = 7). Most of the included studies were of high quality and scored from 7 to 9 on the Newcastle Ottawa Scale (NOS). Only one was of moderate quality, with a score of 6 (Supplementary Table 1 ). The average score was 7.3, and the follow-up duration ranged from 4 to 17 years.
Meta-analysis.
Four studies evaluated the association between serum FT4 concentration and dementia. The pooled results revealed that the per standard deviation (SD) increment of FT4 was associated with an increased risk of dementia (relative ratio (RR) = 1.08, 95% confidence interval (CI) 1.00-1.17) with a heterogeneity (I 2 ) of 48.5% (P = 0.120) using the random effect model (Fig. 2 ). Five studies considered TSH level as a continuous variable to analyze its association with dementia. Meta-analysis using a fixed effect model showed a significant association between the per SD increment of TSH and dementia (fixed RR = 0.91, 95% CI 0.84-0.99; I 2 = 0%, P = 0.744) (Fig. 3) . Moreover, ten studies evaluated the risk estimates of different TSH categories and dementia. When comparing the low and middle categories of TSH levels, the fixed model showed that low TSH levels were significantly associated with an increased risk of dementia (fixed RR = 1.60, 95% CI 1.27-2.00; I 2 = 0%, P = 0.578) (Fig. 4) . Furthermore, the risk estimates for the high and middle categories of TSH levels indicated an inverse but insignificant association between high TSH levels and dementia (fixed RR = 0.99, 95% CI 0.76-1.29; I 2 = 17.0%, P = 0.291) (Supplementary Figure 1) . Subgroup analyses. Subgroup analyses were performed on studies with a similar study design (cohort or case-control) and data on TSH levels and gender. Stratified analyses were not performed using the per SD increment of FT4 and TSH levels model because all the included studies were cohort studies. When low and middle categories of TSH levels were compared, the results of analyses stratified by study design were consistent with the overall trend. Additionally, case-control studies showed a positive association between high TSH levels and dementia (fixed RR = 0.54, 95% CI 0.30-1.00; I 2 = 0%, P = 0.440), while cohort studies did not show this association. For data types regarding TSH levels, there were two low categories: the lower tertile of TSH levels within the normal range and TSH levels below the normal range. Likewise, there were two high categories: the upper tertile of TSH levels within the normal range and TSH levels above the normal range. Subgroup analyses revealed that only TSH levels below the normal range (fixed RR = 1.77, 95% CI 1.31-2.39; I 2 = 0%, P = 0.761, not those in the lower tertile of the normal range (fixed RR = 1.39, 95% CI 0.98-1.97; I 2 = 22.9%, P = 0.273) or those in the two high categories, were associated with dementia. Three studies evaluated the relationship between TSH and dementia in men; meta-analyses of the low and high categories of TSH levels showed no association with dementia in men (Supplementary Figure 2) . The detailed results are provided in Table 2 .
Sensitivity analysis and publication bias.
All of the models demonstrated stability in the sensitivity analysis when each study was individually omitted (Supplementary Figure 3) . Visual inspection of the funnel plots for each model did not show asymmetry, except for the model of the per SD increment of FT4 (Supplementary Figure 4) ; however, Egger's test found no statistical evidence of publication bias for all models (per SD increment of FT4, P = 0.621; per SD increment of TSH, P = 0.972; low vs. middle categories of TSH levels, P = 0.252; high vs. middle categories of TSH levels, P = 0.480). Funnel plot and Egger's test were not evaluated for subgroup analyses in men, because the numbers of included studies were small.
Discussion
To the best of our knowledge, this study is the first meta-analysis assessing the relationship between FT4 and dementia. In the model of per SD increment of FT4 and dementia, we found an association between higher FT4 levels and an increased risk of dementia in community-dwelling elderly from four prospective studies with high quality. Additionally, FT4 was reported to be related to brain atrophy of the hippocampus and amygdala 10 , which is strongly associated with the risk of dementia 48 . Furthermore, the relationship between the per SD increment of TSH and dementia was well established, showing that lower TSH levels are related to an increased risk of dementia. This finding was supported by the risk estimate of the low category of TSH levels and dementia. Notably, we performed a further subgroup analysis based on the type of data on TSH levels. Interestingly, we found that the positive association between low TSH levels and a high risk of dementia was confined to TSH levels below the normal range, rather than those within the normal range. Due to the limited number of studies on various tertiles of TSH within the normal range, more large studies are urgently needed to obtain a comprehensive and precise conclusion. In addition, dementia was not significantly associated with TSH levels in the high categories (above the normal range or in the upper tertile within the normal range). Stratified analysis by case-control study showed high TSH levels had a protective tendency for dementia, while the analysis by cohort study showed no association between high TSH levels and dementia, indicating that this association still needs to be investigated. Our observation was also consistent with the two placebo-controlled, double-blind randomized clinical trials of T4 medication administered for 1 year 49, 50 . The two studies both failed to show the effect of T4 replacement therapy on improving cognitive function.
Furthermore, a differential risk by gender in the TSH analyses existed in several studies 9, 36, 51 . These studies collectively indicated that women were more susceptible to the effects of TSH on cognition. In our study, the result of the subgroup analysis of gender in three studies showed no relationship between TSH and dementia in men in the high or low categories of TSH levels; however, considering the limited number of studies, caution should be taken when concluding a negative association; additional well-designed studies stratified by gender should be conducted.
Remarkably, some scholars have suggested that low TSH and high FT4 levels may be biomarkers of age, and both parameters are associated with other diseases that occur in patients of advanced age, including dementia. In addition, low TSH levels might be a consequence of AD-related neurodegeneration, which could reduce the secretion of TRH by the hypothalamus or decrease the responsiveness of the pituitary gland to TRH 52 . Moreover, other studies have demonstrated a relationship between thyroid hormone and amyloid, which has an essential role in AD development. These findings raise the question of whether low TSH and high FT4 levels are contributors to, rather than biomarkers or even consequences of, poor cognitive outcomes in older adults. However, our study explored positive associations between higher FT4 levels and TSH levels below the normal range and dementia, and a lack of association between high TSH levels and dementia was noted. Our meta-analysis had some limitations. First, although bias may exist due to the observational nature of the included studies and different data collection methods (prospective or retrospective), the relatively large combined sample size and good quality of the included studies potentially strengthen the power of the analysis. Second, the methods used to detect thyroid function and covariates differed among the studies. No specific reference range of hormone levels was provided. Moreover, three RRs in the TSH model were calculated manually based on the available data in the respective studies, whereas other data were extracted from the most adjusted regression models. A more precise analysis should be conducted when individual data are available. Third, a subgroup analysis by age was not performed because of insufficient data. The incidence of AD differs with age, and the prevalence doubles every five years after the age of 60 53 . Fourth, the prevalence of high TSH concentrations is higher in individuals of Caucasian descent than in those of African descent; this difference indicates a genetic influence on TSH secretion 54 . Most individuals included in our study were Caucasians. Thus, a subgroup analysis by race was not conducted.
In conclusion, this report is the first meta-analysis illustrating the contribution of TSH and FT4 to dementia. Based on 24,952 participants including 1526 patients with dementia, an increased risk of dementia in individuals with higher serum FT4 levels and in those with TSH levels below the normal range was found. The present study implied T4 replacement therapy may be administered cautiously, as no specific relationship was shown between high TSH levels and dementia. Moreover, individuals receiving T4 replacement therapy may develop a low or even a suppressed TSH level 55 , which could consequently lead to an increased risk of dementia. However, additional large, prospective, cohort studies and randomized controlled trials are still needed to determine the causal association between thyroid hormones and dementia.
Methods
This meta-analysis was conducted according to the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2009 Checklist (http://www.prismastatement.org/statement.htm) and the Meta-analysis of Observational Studies in Epidemiology group (MOOSE) 56 .
Search strategy and study selection. We searched Medline, Embase, Web of Science and the Cochrane Library for all published studies up to June 7, 2016 , that evaluated the relationship between thyroid function and cognitive decline without any restrictions. The key search terms were "thyroxine (T4)", "thyrotropin (TSH)", "triiodothyronine (T3)", "hyperthyroidism", "hypothyroidism", "euthyroidism", "subclinical hyperthyroidism", "subclinical hypothyroidism", "thyroid dysfunction or disorders", "dementia", "Alzheimer's disease (AD)", "cognitive decline or impairment or defect", "mild cognitive impairment (MCI)" and "cohort or case-control or longitudinal or follow-up". Supplementary Figure 5 contains the MEDLINE search terms. We also manually searched the bibliographies of all qualified studies for other potential articles. Wu Y and Pei Y independently evaluated the retrieved studies by thoroughly reading the titles and abstracts with pre-designed inclusion criteria. Full texts were further checked if necessary. If the required data were not reported in a potential article, we contacted the corresponding author for more details. Any disagreement between the two investigators was resolved by consensus or by discussion with a third reviewer, Wang F. Studies were initially included in the detailed assessment if they met the following criteria: 1) sufficient information on the study population; 2) cohort or case-control studies; 3) clear criteria for the outcome (dementia or AD) diagnosed according to internationally accepted criteria for dementia (DSM-III-R 57 or DSM-IV 58 ) and AD (NINCDS-ADRDA 59 ), by a multi-disciplinary team (neurologists, psychiatrists, and psychologists) or by record linkage; 4) sufficient data on risk estimates of the association between FT4 or TSH levels and dementia or AD: RR, hazard ratio (HR), or odds ratio (OR) with 95% CIs or the number of outcome events; 5) adjustments for potential confounders; and 6) valid measurements of FT4 and TSH. We excluded studies that were cross-sectional, lacked usable data, or focused on vascular dementia or dementia secondary to other diseases. If multiple reports used the same population, the study with the longest follow-up was included. Reviews, case reports, abstracts and conference proceedings were excluded.
Data extraction and quality assessment. Two investigators (Wu Y and Pei Y) independently extracted the data from the eligible studies with a common form. The outcome was dementia or AD. The following data were extracted: first author, publication year, study type, country or race, study size, age of participants, gender distribution, duration of follow-up, covariates, and results (Table 1) . Generally, the levels of TSH can be divided into three categories: TSH below the normal range, TSH within the normal range, and TSH above the normal range. While in the normal range, TSH levels can be further divided into three tertiles: lower, middle and upper. Thus, the overall TSH levels were classified into three categories in our meta-analysis models: TSH below the normal range or the lower tertile within the normal range, denoted as low; TSH within the normal range or the middle tertile within the normal range, denoted as middle; and TSH above the normal range or the upper tertile within the normal range, denoted as high. Because the data regarding thyroid function varied among the studies, we extracted the following information for the meta-analysis: 1) risk estimates per SD increment of FT4/TSH levels; 2) risk estimates for TSH levels below or above the normal range compared with TSH levels within the normal range; and 3) risk estimates for lower or upper tertiles compared with the middle tertile of TSH levels within the normal range. Of the studies that reported risk estimates with multiple-level adjustments, we included those that adjusted for the most covariates.
The Newcastle Ottawa Scale, a measure of the quality of observational studies, was used to assess the quality of the selected studies. This scale consists of three domains, including the selection of cases, comparability of populations, and ascertainment of exposure. Scores of 0-3, 4-6, and 7-9 indicate low, moderate, and high quality, respectively. Two investigators independently performed the quality assessment, and disagreements were resolved by discussion.
Data synthesis and statistical analyses. Dichotomous data were calculated as the OR and 95% CI. In the meta-analysis, the RRs were used for risk estimates. ORs and HRs were also treated as RRs. Heterogeneity between studies was assessed using the I 2 statistic: I 2 < 25%, low; between 25 and 50%, moderate; and > 50%, high 60 . If moderate or high heterogeneity was found, a random effect model was used 61 ; otherwise, the fixed effect model was applied 62 . Subgroup analyses based on study design, data type regarding TSH levels and gender were performed to explore the sources of heterogeneity. To assess the stability of the results, a one-way sensitivity analysis was performed by omitting each study in turn from the analysis. Publication bias was assessed by funnel plots Table 2 . Stratified analysis of the association between TSH and dementia. Key: N, number of studies. P 1 is an evaluation of the statistical significance level of the risk estimate, while P 2 is an evaluation of the heterogeneity among included studies. Subgroup analyses were performed by study design (cohort or casecontrol) and data types of TSH levels. Three studies evaluating the relationship between TSH and dementia in men were analyzed separately.
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